ABSTRACT Proteolytic digestions of myosin. subfragment 1 (S-i) with elastase, subtilisin, papain, thermolysin, and Staphylococcmu aurew protease reveal that the two trypsin-sensitive regions in S-1 have broad protease susceptibility. The cleavage of S-I by these enzymes yields products that correspond within 1-2 kilodaltons (kDa) to the 25-, 50-, and 20-kDa fragments produced by trypsin. Papain and thermolysin cut preferentially at the 26-kDA/70-kDa junction, whereas elastase, subtilisin, and S. aureus protease cleave both the 26-kDa/70-kDa and 75-kDa/22-kDa junctions in S-1. Binding of actin to S-1 decreases the rate of all proteolytic reactions in the 95-kDa heavy chain. The protection of the 26-kDa/70-kDa junction by actin is greatest against papain and thermolysin attack. The reaction times of elastase, subtilisin, and S. aureus protease with S-i increase 2-fold in the presence of actin. However, in contrast to similar reactions with trypsin, they proceed at both junctions and lead to formation of the 50-and 22-kDa fragments. The cleavage of the 22-kDa/50-kDa junction by elastase increases the K. value for the actin-activated ATPase.
elastase increases the K. value for the actin-activated ATPase.
The presence of the two protease-sensitive regions in S-1 is consistent with a three-domain structure of the myosin head and may have important implications to the mode of intersite communication in this protein.
The contractile process in a muscle cell requires the functional coupling between two distinct sites on the myosin subfragment 1 (S-1), the actin-binding site and the active site for ATP hydrolysis. The "communication" between these sites finds its most striking and direct expression in the effect of actin on ATP hydrolysis by S-1 and, conversely, in the effect of nucleotides on the binding of actin to S-1. The mechanism and the pathway for this intersite communication are still unknown. One approach taken in the past to clarify the relationship between the actin and nucleotide sites has been to modify specific residues on S-1 [e.g., the reactive cysteine groups SH-1 and SH-2; for a recent review see Morales et al. (1) ] and monitor the consequent changes at the above sites.
More recently, important progress has been made in the topological study of S-1 by using the method of limited tryptic proteolysis. The 95-kilodalton (kDa) heavy chain of S-1 is cleaved by trypsin to produce three discrete fragments (25-, 50-, and 20-kDa), which remain associated under nondenaturing conditions. With the assignment of the active site to the 25-kDa peptide (2) and identification of two separate actin-binding sites, one on the 50-kDa and the other on the 20-kDa peptide (3) (4) (5) , the tryptic fragments of S-1 have become a useful tool and convenient framework for examination of the intersite communication on S-1.
The tryptic cleavage of S-1 into three fragments has led Mornet et al. (6) to suggest a three-domain structure for the myosin head, in which the 25-, 50-, and 20-kDa peptides are covalently connected by two protease-sensitive regions. Irrespective of whether this description will coincide with the eventual structural picture of S-1, the presence of protease-sensitive regions on this protein is of considerable interest. Such regions may represent "open" peptide stretches, or "linker" peptides, in which conformation is readily affected by contractile events and across which intersite communication occurs.
.In this study we have used a variety of proteases including elastase, subtilisin, Staphylococcus aureus V8, papain, and thermolysin to examine the substructure of S-i. We have found that the only regions susceptible to mild proteolysis by these enzymes coincide within 1 or 2 kDa with the trypsin-sensitive regions-i.e., the 50-kDa/20-kDa and 25-kDa/50-kDa cuts. In addition, the different specificities of the above proteases allowed us to explore the effect of actin on both cuts. We present evidence that the binding of actin is sensed at the 25-kDa/50-kDa junction of S-i and show that the various proteases can be used as conformational probes to explore the intersite communication on S-1.
MATERIALS AND METHODS Chemicals. Trypsin (crystallized, bovine type XI), soybean trypsin inhibitor, a-chymotrypsin, elastase, Pronase subtilisin, papain, Pronase thermolysin, S. aureus V8, catalase, phenylmethylsulfonyl fluoride (PhMeSO2F), and bovine serum albumin were purchased from Sigma. N-(Iodoacetyl)-N'-(5-sulfo-1-naphthyl)ethylenediamine (IAEDANS) was obtained from Molecular Probes (Plano, TX). All other chemicals were reagent grade.
Proteins. Myosin and actin from back and leg muscle of rabbits were prepared according to Godfrey and Harrington (7) and Spudich and Watt (8) , respectively. S-1 was prepared by digestion of myosin with a-chymotrypsin (9) . Concentrations of S-1 and actin were calculated from their absorbance at 280 nm by using extinction coefficients ofA'% = 7.5 cm and 11.0 cm-1, respectively.
Proteolysis. In all digestions the reaction mixture included 40 mMNaCl/25 mM imidazole, pH 7.0, with a final S-1 concentration of 2 mg/ml. Reaction mixtures were kept at 19'C-20°C. Digestions were started with the addition of appropriate proteases. The weight ratios of enzyme to S-1 were as follows: trypsin, 1:100; elastase, 1:10; subtilisin, 1:100; papain, 1:100; thermolysin, 1:20; and S. aureus protease, 1:20. To follow the proteolytic reaction, 250-pkl aliquots were removed at the given time intervals, and the appropriate inhibitor at 3X the enzyme concentration was added to stop the reaction. The inhibitors were as follows: soybean trypsin inhibitor for trypsin, PhMeSO2F for elastase and subtilisin, EDTA for thermolysin, and iodoacetic acid for papain. (The S. aureus protease reaction was stopped by boiling in the presence of NaDodSO4.) A small fraction of each aliquot (25-30 1.l) was used to measure the change Abbreviations: S-i, myosin subfragment 1; acto-S-1, actomyosin subfragment 1; PhMeSO2F, phenylmethylsulfonyl fluoride; IAEDANS, N-(iodoacetyl)-N'-(5-sulfo-1-naphthyl)ethylenediamine; kDa, kilodalton(s).
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7110 Biochemistry: Applegate and Reisler in enzymatic activity of S-1 as a function of digestion time; the remaining samples were denatured and run on NaDodSO4/ polyacrylamide gels. Gel electrophoresis was carried out according to Laemmli (10) , using discontinuous (10% and 15%) (wt/vol) polyacrylamide gels. The optical densities of Coomassie blue-stained protein bands and the respective mass distributions were determined with a Helena Laboratories (Beaumont, TX) Quick Scan R & D gel scanner equipped with an integrator. Molecular size of fragments was estimated by comparing their electrophoretic mobilities to that of marker proteins.
Labeling of SH-1 Groups on S-1 With IAEDANS. Native S-1 was labeled with the fluorescent dye IAEDANS essentially as described by Duke et al. (11) . The fluorescent S-1 was then subjected to proteolytic digestion by either trypsin or elastase. Fluorescent bands were located on gels by illumination with long-wave ultraviolet light before staining with Coomassie blue.
Enzymatic Activity. The K+-and Ca2+-dependent ATPase activities of S-1 were measured at 370C, pH 7.5, using the procedure of Kielley and Bradley (12) . The Mg2+-ATPase of S-1, in the presence and absence of actin, was assayed as described (13) at 250C in a medium containing 5 mM MgCl2/3 mM ATP S-1 (0.1 mg/ml)/actin at concentrations ranging from 2.0 to 200 AM.
RESULTS
Elastase, Subtilisin, and S. aureus V8 Digestion of S-1. Limited trypsin digestion of the 95-kDa heavy chain of S-1 produces the typical fragments of 75, 50, 25, and 20 kDa (14) (Fig.  1 , lane 1). We have used these peptides, which are easily identifiable on NaDodSO4/polyacrylamide gels, as markers to identify the products of digestion by other proteases. The electrophoretic patterns of S-1 cleaved by elastase (lanes 3-5) and by subtilisin (lanes 6-8) are shown. Five main products (75, 70, 50, 26, and 22 kDa) are-apparent in these digestions. The same products are also observed on limited digestion of S-1 by S. aureus protease (lane 12). We have assumed that the 50-, 25-, and 20-kDa tryptic fragments of S-1 correspond to the 50-, 26-, and 22-kDa products of elastase, subtilisin, and S. aureus protease digestions of S-1. To test this assignment we examined the effect of trypsin digestion on a sample of S-1 previously cleaved with elastase. Fig. 1 (lanes 10 and 11) shows that such treatment results in degradation of the 26-kDa to the 25-kDa peptide, and of the 22-kDa to the 20-kDa peptide; the 50-kDa peptide remains intact. Indeed, Mornet et al. (6) have shown, using a trypsin/S-1 ratio (wt/wt) of 1:1,000, that a 22-kDa peptide is formed as a precursor of the 20-kDa peptide, and Hozumi and Muhlrad (15) have shown that under certain conditions the NH2-terminal peptide is generated via a similar transition. The correspondence of the products of elastase and subtilisin digestions of S-1 to those of trypsin is further confirmed by using S-1 labeled with IAEDANS, a fluorescent compound specific for the reactive thiol (SH-1) located on the 20-kDa fragment of S-1 (14) . Elastase digestion of IAEDANS-labeled S-1 yields fluorescent 95-, 70-, and 22-kDa peptide bands (lane 9) , showing that the 22-kDa product corresponds to the 20-kDa tryptic fragment and originates from the 70-kDa precursor.
Examination of electrophoretic patterns similar to those shown in Fig. 1 indicates that both the 75-and 70-kDa species are produced as intermediates in two parallel routes of S-1 digestion by elastase and subtilisin. In the first route, which resembles the digestion pattern observed with trypsin, the predominate 70-kDa peptide is formed prior to the production of the 50-and 22-kDa peptides. The 75-kDa peptide is formed in a second route, which leads to the generation of the 50-and 26-kDa peptides. In tryptic digestions of S-1, this second route is expressed mainly in the presence of actin, in which binding to myosin practically prevents the 50-kDa/20-kDa cut. The simplest cleavage pathway consistent with the formation of the above peptides is shown diagrammatically in Fig. 2 . In terms of this representation, the 50-kDa/22-kDa and the 50-kDa/26-kDa junctions are cleaved simultaneously by both elastase and subtilisin, although with elastase the latter cleavage occurs at a faster rate than the first one-i.e., k1 > k2. In contrast to this situation, the tryptic digestion of S-1 in the absence of actin is characterized by k, < k2.
Effect of Actin on Digestion of S-1 by Elastase and Subtilisin. The binding of actin to myosin has been shown to block the 50-kDa/20-kDa tryptic cut in S-1 (16, 17) . Such protection is not observed with either elastase or subtilisin. Using an actin/ S-1 molar ratio of 4:1, we find that while the overall digestion of the 95-kDa peptide by both elastase and subtilisin is slowed by a factor of 2, the 50-and 22-kDa peptides accumulate during these proteolytic reactions (Fig. 3, lanes 2-8) (17) suggested that cutting of the 50-kDa/20-kDa junction in S-1, or more precisely the degradation of the 22-to the 20-kDa peptide, decreased the actin-activated Mg2+-ATPase. Botts et al. (18) showed that this suppression of actin activation was caused by an increase in the apparent Km of myosin from actin and did not affect the Vmax. Our ATPase measurements on trypsin-digested S-1 (Fig. 4) confirmed the results of Botts et al. (18) . By using elastase-cleaved S-i, we could also reexamine in similar experiments the question of which cut (50-kDa/20-kDa or 22-kDa/20-kDa) was responsible for the above changes in Km. In Fig. 4 , we compare the actin-activated ATPase of trypsin-cleaved S-1, containing a stable 20-kDa fragment, with that of elastase digested S-1, containing a stable 22-kDa peptide. Clearly, the _ _M- Because the suppression of actin-activated ATPase was not detected during the transient "life" of the 22-kDa species in trypsin-cleaved S-1 (6), we examined and excluded alternative explanations of our results. Degradation of the 27-kDa species seemed unlikely to affect the actin activation, because the basal Mg2+-ATPase of elastase-digested S-1 was unchanged from the control protein. To rule out the involvement of Al degradation (Fig. 1) in the observed effects, we digested the purified S-1 (A2), in which the light chain is protease resistant, with elastase. The cleaved S-1 (A2) showed higher Km and the same Vmax as the control S-1 (A2). We thus concluded that the cleavage at the 50-kDa/22-kDa junction by elastase is responsible for the reported changes in the actin-activated Mg2+-ATPase.
Papain and Thermolysin Digestion of S-i. Elastase and subtilisin digestion of S-1 showed that the binding of actin to myosin was sensed at both 50-kDa/22-kDa and 26-kDa/50-kDa junctions. In a search for a protease that would preferentially cut at the latter junction, we examined the cleavage of S-1 by papain and by thermolysin. Both enzymes produced only two peptide fragments, the 70-and the 26-kDa (Fig. 5)- i.e., there was only one cleavage site, at the 50-kDa/26-kDa cut. Consequently, these digestion reactions were ideal probes for monitoring the effect of actin on this region of the head. As monitored by the disappearance of the 95-kDa band on NaDodSO4 gels, actin (4-fold molar excess over S-i) slowed the rate of thermolysin digestion at this junction by a factor of 5. The protective effect of actin appeared even greater when tested with papain, decreasing the digestion of S-1 to a negligible rate (lanes 5 and 6) . The decreased cleavage could not be attributed to the greater viscosity of actomyosin subfragment 1 (acto-S-1) when compared to that of S-i, as shown by the fact that the light chains of S-1 were digested equally well by papain in the presence and absence of actin. Furthermore, the previous work of Yamamoto and Sekine (19) and our present digestions with elastase suggest that increased viscosity can account for only a small decrease in the cleavage rate of S-1. Thus, the reactions with both thermolysin and papain provide striking evidence for a communication between the binding site of actin and the 50-kDa/ 26-kDa junction on S-i. It should be noted that papain cleavage at the 26-kDa/70-kDa junction had no effect on the acto-S-1-ATPase reaction. In conclusion, our results show the presence on S-1 of two peptide linkers (22-to 20-kDa) and (70-to 75-kDa) with broad protease sensitivity and responsiveness to actin binding to myosin. The presence of such regions is consistent with the idea of a multidomain structure of S-1 (6), and it raises the possibility of internal rotations or reorientations in S-1 that may not be detected in measurements of average and overall shape parameters. Furthermore, we have shown that the proteases used in this study increase and refine the arsenal of tools available for studying the substructure of S-1.
